Abstract
INTRODUCTION
A mathematical model was developed elsewhere 8 taking into account some biological features related to malaria disease, such as partial acquired immunity, immunologic memory and duration of sporogony. From the model equilibrium points were determined and the stability of these points was analyzed. Moreover, the basic reproduction ratio related to malaria transmission was obtained. This valuable epidemiological parameter is associated with control or eradication efforts.
In a subsequent study 9 the previously developed model was used to assess the effects of global warming and local socioeconomic conditions on malaria transmission. These effects were assessed analyzing the equilibrium points calculated at different but fixed values of the parameters of the model. Regarding malaria transmission, it was observed that the effects of global warming posed a major challenge in the next years, 3 and the effects of variation in local socioeconomic conditions are much stronger than the effects of the increasing global temperatures. 2 The epidemiological analysis was restricted to few cases taking into account a combination of the values assigned to the parameters of the model. This because the model was structured with plenty of parameters. There is another way to study this issue instead of combining a great number of parameters, whose values can vary largely. Thus, the sensitivity analysis of the model is carried out with greatly variable parameters. This analysis also provides scenarios of possible outcomes under feasible strategies of intervention. [5] [6] [7] 
METHODS
In this section, the focus in on the model sensitivity analysis regarding the variation in the parameters of the model. In order to achieve the magnitude of impact of each parameter on the state (dynamic) variables the model and the sensitivity analysis are presented.
Initially, it is taken from Yang 8 the system of differential equations which describes the overall malaria transmission. For humans, the seven compartments are: susceptible (x 1 ), incubating, i.e., infected but non-infectious (x 2 ), infectious (x 3 ), immune (x 4 ), partially immune (x 5 ), non-immune but with immunologic memory (x 6 ) and incubating after reinfection (x 7 ). The fractions of the host population are described by the following system of differential equations,
Conclusões

Dependendo-se do nível de risco de malária, as melhores formas de mecanismos de controle da transmissão de malária são dadas por um subconjunto de parâmetros do modelo.
where µ and α are the natural and differential mortality rates of human host, respectively; θ is the natural resistance rate against malaria; γ 1 -1 and γ -1 are the average periods, respectively, to start the production of gametocytes and to build up an effective immune response; π 1 , π 2 and π 3 are the rates at which protective immunity, partial immunity and immunologic memory are lost, respectively; and h is the inoculation rate. The quantity y 3 (t) is the fraction of infectious mosquitoes. The functions F i (z,Ω), for i=1 to 7, z and Ω are defined below.
The mosquito population is divided into three compartments, y 1 , y 2 and y 3 , the fraction of susceptible, incubating, and infectious mosquitoes, respectively. The mosquito population is described by the following system of differential equations where µ' and α' are, respectively, the natural and induced mortality rates of the mosquitoes, ρ -1 (T) is the duration of sporogony in the mosquito, and f is the transmission rate. The temperature, designed by symbol T, was limited and was dependent only to the parameter ρ. The functions F i (z,Ω), for i=8 to 10, z and Ω are defined below.
Regarding the first equation of the system (2), which 2 8 it was obtained by applying the relation for the vector population and host population, there are The parameters φ and µ e (T) are, respectively, the rates of oviposition and of eggs becoming non-viable, and ρ 1 -1 (T) is the duration of the cycle from the egg to the mature adult. The overall model is unchanged. Therefore, µ' and α' should also depend on the temperature. Depending on the value of the basic reproduction ratio R 0 , which is given by the trivial or non-trivial equilibrium point is the atractor. 8 If R 0 ≤1, then the trivial equilibrium point is stable, otherwise the non-trivial equilibrium is stable.
The trivial equilibrium point, which represents a disease-free community, is given by for the vector population, and for the host population.
The non-trivial equilibrium point, which represents malaria at an endemic level in a community, is given by plus a third degree polynomial to determine x 3 , which is given by
The auxiliary variables b 1 , b 2 , b 3 , b 4 , b 5 , c 1 and c 2 , and the coefficients of the polynomial A, B, C and D can be found in Yang's study. 8 The sensitivity analysis provides the range of variation of the model's variables, such as state variables and basic reproduction ratio, when the values of the parameters of the model are changed. The state variables in the equilibrium, which are given by the equations (4) and (5), when trivial, and by the equations (6), (7) and (8) , when non-trivial, and the basic reproduction ratio, which is given by the equation (3) , are dependent on the parameters of the model. Since the parameters of the model are not accurate, it is expected that the variables of the model be influence by the inaccuracy of those values. On the other hand, if it is possible to change few parameters with an appropriate intervention, it is interesting to know what parameters should be changed in order to get the better results. Both issues can be addressed applying the sensitivity analysis.
First, the sensitivity analysis for the basic reproduction ratio can be performed using equation (3) . Note that the basic reproduction ratio does not depend on all parameters defined in Ω, for this reason the subset Ω
'
of Ω is defined, given by which contains the contributing parameters for the basic reproduction ratio. Note that the immunity decline rates do not appear in this subset of parameters space. To obtain useful epidemiological information, the actual values for the parameters of the model should be known. Since their values can vary largely, Table 1 shows the range and the mean value that the average periods can assume and the corresponding rates and the standard deviations.
As can be noted, the above table was obtained from the literature for the parameters θ, γ 1 , γ, π 1 , π 2 , π 3 , µ, µ' and ρ(T). Concerning the differential (α) and induced (α') mortality rates, it is assumed a decrease of about 2% and 6%, respectively, in the expected life span. Table 1 presents the parameters of the model in terms of average periods (as the arithmetic mean between the maximum and the minimum values) and their inverses, which are the rates. Let's call, in general, the average periods as p and the rates as r. The standard deviations related to the parameter p, designed by σp, were calculated as the half between the maximum and the minimum values that one parameter can assume.
where (σΘ) 2 , with Θ=Ω j ' and j=1 to 8, are the variances given by the matrix V Ω ' considered diagonal, and h j , with j=1 to 8, are the elements of the vector H ' given by
is the contribution of the j-th parameter to the variance of R 0 .
Second, the sensitivity analysis of the state variables at equilibrium can be run by considering the state equations F(z,Ω) of the model instead of the equations (4) through (8), which provide the trivial and non-trivial equilibrium points. Using the absolute sensitivity function 1 for the covariance matrix V z of the state variables z, where V Ω is the covariance matrix for the 11 parameters of Ω stated above and H is the sensitivity matrix given by with its elements denoted by h ij , with i=1 to 10 and j=1 to 11. Note that the matrix P is given by where the index 1 refers to the trivial and 2 to the non-trivial equilibrium points, and is the Jacobian matrix. Both matrices should be evaluated at the equilibrium points z 1 and z 2 . Observe that F I (z,Ω), where i=1 to 10, corresponds to the second member of the system of equations (1) and (2) .
If the covariance matrix VΩ is considered a diagonal matrix, with its diagonal elements given by (σΘ), 2 with Θ=Ωj, where j=1 to 11, then the variance related to the state variables (the diagonal elements of Vz) are given by The average periods and their standard deviations should be transformed according to since the model includes rates.
The focus is on the sensitivity analysis of a mathematical model for malaria transmission, considering temperature change and local socioeconomic conditions. For this reason, temperatureindependent parameters θ, γ 1 , γ, π 1 , π 2 and π 3 are considered here as being associated roughly and indirectly to the general local socioeconomic conditions. And, evidently, temperature-dependent parameters ρ, µ' and α' are considered here as being associated to temperature changes. 9 Also, three representative risk areas for malaria are considered by assigning particular values for the inoculation h and transmission f rates.
In the next section, based on the above values for the parameters of the model, the sensitivity analysis was performed to assess control efforts to malaria transmission. It is noteworthy, however, that the sensitivity is fundamentally a local analysis, therefore the discussion below is valid only for the above range of the values for the parameters of the model and transmission rates.
RESULTS
In this section control efforts to malaria transmission are assessed considering a mathematical model developed with different levels of acquired immunity among human hosts and the impact of temperature on the parameters associated with vectors. Sensitivity analysis is used to this assessment, taking into account the values for the parameters of the model presented in Table 1 can be performed with equation (9) . This equation takes into account the contributions of each parameter to the variance of the basic reproduction ratio. In Table 3 the sensitivity analysis of R 0 for the Regions I, II and III is showed. The standard deviation (the square root of the variance) of R 0 for the Regions I, II and III are1.06, 6.51 and 25.44, respectively. Restricted to the variations range for the parameters of the model given in Table 1 , the sensitivity of R 0 shows that eradication can be achieved only in the scenario of very low malaria risk (Region I), because the value of R 0 can be reduced below unity. 2 Table 3 shows that 98.2% of the variation in R 0 is due to three parameters which are related to the state variables x 3 and y 3 , plus the mortality rate of the vector population µ'. Note that the two most sensitive (together they contribute to 78.6%) human-related parameters θ and γ are the natural resistance rate and period of time to build up the effective immunity, respectively; and the third and fourth most sensitive (together they contribute to 19.6 %) are vector-related parameters ρ, which is the duration of sporogony, and µ'. The vital dynamics parameters α and µ related to human population are practically insensitive, and the sensitivity of the input rate γ 1 to the infectious individuals x 3 and additional mortality rate of latent and infectious mosquitoes α' are negligible.
Based on the sensitivity analysis of R 0 regarding the eight parameters, the following results can be drawn. To reduce the risk of malaria infection, simplistically considering only decreasing in R 0 , the most effective efforts are those related to the prevention of the increase in the fractions of infectious individuals x 3 and mosquitoes y 3 . Observe that there are two mechanisms to decrease the number of infectious individuals: increasing the natural resistance rate (drug treatment) or decreasing the period of time to build up immunity (vaccination). Regarding the vector population, control efforts should increase the duration of sporogony (avoiding global warming due to pollution effects) and/or increase the mortality rate (insecticide use). Nevertheless, control efforts directed to human population are not only much more efficient but realistic than those ones directed to vectors. Second, the variation in the equilibrium points (state variables) is analyzed with the variation in the values of the parameters of the model. The sensitivity analysis of the equilibrium points in relation to the space of parameters Ω can be carried out with equation (10). This equation takes into account the contributions of each parameter to the variance of coordinates of the equilibrium point. The Jacobian matrix J evaluated at the equilibrium point Table 4 -The sensitivity analysis of the equilibrium point for the Region I considering the values given in Table 1 . The ranking of the contribution of the parameters is based on the x 1 ; if the ranking changes, this is set between parenthesis. The exponent between parenthesis in the first row is the multiplying factor of the entire column. can be inverted by the Gauss-Jordan method. 4 First, a very low endemic area of malaria (Region I) is considered. When a community lives in an area of very low risk of malaria, the parameters ρ, θ and γ in general are the most sensitive ones for all state variables. The times these three parameters appear leading the ranking in relation to the state variables are 5, 4 and 1, respectively. At fourth and fifth ranking comes µ' and π 3 . In general, these five parameters nearly contribute with all the variations in the state variables. On the other hand, µ, π 1 and α are the least sensitive parameters. Other parameters for immunity decline π 2 and π 3 are also less sensitive. In this scenario, susceptible individuals can reach unity value, that is, the population can be disease-free.
An intermediate endemic malaria area (Region II)
is considered. Table 5 shows the sensitivity analysis of the state variables for h=0.70 and f=0.19 (days When a community lives in an area of intermediate risk of malaria, the parameters π 2 , γ and π 3 in general are the most sensitive ones for all state variables. The times these three parameters appear leading the ranking in relation to the state variables are 4, 3 and 2, respectively. In one occasion µ' reveals to be the most sensitive parameter. At fourth and fifth ranking comes θ and ρ. In general, these five parameters nearly contribute with all the variations in the state variables. On the other hand, µ, α, µ' Table 5 -The sensitivity analysis of the equilibrium point for the Region II considering the values given in Table 1 . The ranking of the contribution of the parameters is based on the x 1 ; if the ranking changes, this is set between parenthesis. The exponent between parenthesis in the first row is the multiplying factor of the entire column. and α' are the least sensitive parameters. In one occasion ρ reveals to as the least sensitive parameter.
Finally, a very high endemic malaria area (Region III) is considered. When a community lives in an area of very high risk of malaria, the parameters ρ, π 2 and π 3 in general are the most sensitive parameters for all state variables. The times these three parameters appear leading the ranking in relation to the state variables are, 5, 2 and 1, respectively. In one occasion µ' and γ appear as the most sensitive parameters. At fourth and fifth ranking appear θ and γ. In general, these five parameters contribute nearly with all the variations in the state variables. On the other hand, µ, µ' and α' are the least sensitive parameters. In one occasion ρ appears as the least sensitive parameter.
From Tables 4, 5 and 6 it can be noted that loss of immunity parameters (π 1 , π 2 and π 3 ) increase their Table 6 -The sensitivity analysis of the equilibrium point for the Region III considering the values given in Table 1 . The ranking of the contribution of the parameters is based on the x 1 ; if the ranking changes, this is set between parenthesis. The exponent between parenthesis in the first row is the multiplying factor of the entire column. contribution to the variation in the state variables in proportion to the increasing in the inoculation (h) and transmission (f) rates. On the other hand, the only parameter temperature-dependent (ρ) contributes to the variation of the state variables when inoculation and transmission rates are increased from low to moderate values, and then to very high values. In general the parameter θ and γ are the greatest contributors to the variation in the state variables to all values of inoculation and transmission rates.
Regarding the state variables, in general, the fraction of non-immune but with immunologic memory x 6 is, in absolute values, the most influenced by the parameters variation. However, as it is expected, when a community is at a very low risk of malaria, the most affected by the variation in the parameters is the fraction of the susceptible individuals x 1 . For that, when there is a low risk of malaria the most sensitive parameters are those related to the acquisition of the parasites (θ, γ and ρ), while in intermediate and high risk areas of malaria, the immunity decline parameters (π 1 , π 2 and π 3 ) increase their contribution to the variation of the state variables.
Observe that the fraction of effectively immune x 4 and partially immune x 5 individuals rise with the increase in the inoculation and transmission rates. The
fraction of individuals with immunologic memory also follows the same pattern. This result corroborates the observation that most African adolescents and adults are usually free of clinical malaria symptoms, although they sustain a low parasitemia throughout the transmission season. This can be noted looking at the fractions of incubating (x 2 ) and infectious (x 3 ) individuals: these state variables initially rise with an increase in the inoculation and transmission rates and, then decrease. The efficacy of partial immunity that decreases with time can be associated to the booster inoculations.
The parameters that are the most sensitive and nearly contribute with all variation in the basic reproduction ratio are also contributing, in general, to the great variations in the state variables.
DISCUSSION
From a model that takes into account different levels of acquired immunity among humans and vector-related parameters dependent on the temperature, the sensitivity analysis of the basic reproduction ratio and the equilibrium points was carried out regarding the parameters of the model. In order to do this, three possible malaria endemic regions were considered.
Control efforts against malaria infection can be directed toward human and mosquito populations. The scenarios presented by the sensitivity analysis show that the most efficient control efforts are those related to humans. Therefore, treatment of diseased individuals and vaccination of susceptible individuals will reduce malaria infection in all variation range of inoculation and transmission rates. However, the increase in the mortality rate of the mosquitoes will be efficient only in areas where there is a relatively high risk of malaria.
If a community has a well-organized health system, then drug treatment and vaccination (when available) can be administrated regularly and promptly. It was observed that the parameters θ and γ, which can be related to socioeconomic conditions, in general are the greatest contributors to the variation in both basic reproduction ratio and equilibrium points. The temperature-dependent parameter ρ contributed to the variation with relatively high values, but less prominently in an area of intermediate malaria risk. These results corroborate with the statement that changes in socioeconomic conditions are far more important than temperature changes. 2 For a certain region, it seems more realistic to manage the socioeconomic conditions (deterioration or improvement) rather than controlling the temperature changes (environmental pollution). Therefore, in areas of malaria risk, a good health system combined with a well-organized and objective managing of the surrounding environment could avoid outbreaks of malaria with relatively safety.
